ABSTRACT Although local, direct effects of ligand binding to proteins are readily differentiated conceptually from gross, indirect conformational changes in regions of the protein remote from the site of binding, it has been difficult experimentally to distinguish between them. In oligomeric proteins, for example, the inding of ligands to one chain may cause a conformational change in ATCase participates in the regulation of pyrimidine biosynthesis in E. coli through its cooperative (sigmoidal) dependence of enzyme activity on substrate concentration and its sensitivity to inhibition by CTP and activation by ATP (6). These phenomena, termed homotropic and heterotropic effects, are considered to be the result of an equilibrium between two distinct conformations of the enzyme (1) with the constrained or low-affinity state predominating at low substrate concentration and the relaxed or high-affinity conformation at high concentrations of substrate. Inhibition is attributed to preferential interaction of the constrained form with CTP and activation by the favored binding of ATP to the relaxed conformation of the enzyme (7). ATCase is composed of twQ catalytic trimers (C) and three regulatory dimers (R) with each catalytic polypeptide chain (c) in one C subunit linked to a c chain in the other C subunit via an R subunit (8) (9) (10) (11) (12) . Whereas the binding of active-site ligands to the C subunits has been shown to promote a 6-to 8-fold enhancement of the reactivity of the sulfhydryl groups of the R subunits toward p-hydroxymercuribenzoate (13, 14), there has not been an analogous demonstration that the binding of either CTP or ATP to the R subunits causes a conformational change in the C subunits.
2.1.3.2) causes a conformational change t at is propagated throughout the enzyme to the catalytic chains. To demonstrate this "communication" of effects of binding at one site on the conformation of other polypeptide chains, we constructed molecules containing native regulatory subunits and enzymically active nitrated catalytic subunits having one sensitive nitrotyrosyl chromophore per polypeptide chain. These hybrid molecules exhibited the characteristic regulatory properties of the native enzyme. Upon the addition of CTP the population of molecules was shifted toward the constrained or T state, as shown by the change in the sedimentation coefficient and the altered enzyme kinetics. Moreover, there was a decrease in absorbance at 430 nm due to the altered environment of the nitrated catalytic polypeptide chains. In contrast, ATP caused a shift toward the relaxed or R conformation, and the absorbance due to the nitrotyrosyl residues was increased. Different types of experiments indicated that the modified enzyme molecules are in a preexisting equilibrium that is perturbed by CTP or ATP; the resulting conformational changes in the nitrated catalytic subunits are detected by opposite alterations in their absorbance spectrum.
In all models proposed to account for the allosteric properties of regulatory proteins it has been assumed that the binding of a ligand to one site promotes a conformational change in the protein that affects the subsequent binding of ligands to other sites in the oligomer (1, 2) . How the effect of ligand binding at one site is propagated throughout the molecule is still the subject of much investigation. Conceptually there is widespread acceptance of the distinction between direct changes at the site of the binding and indirect effects propagated throughout the protein molecules by alterations in subunit interactions. Experimentally, however, it has been difficult to distinguish between direct, local effects and indirect, gross changes, because many of the physical chemical probes of conformational changes are not sufficiently discriminating to permit identification of the alteration either at the site of ligand binding or at a remote position (perhaps on a different polypeptide chain).
These shortcomings have been circumvented with hemoglobin through the use of mixed valency hybrids (3) (4) (5) in which it was found, for example, that the conversion of the deoxygenated molecules to the oxy form (with only the a chains oxygenated) was accompanied by a spectral change in the ferric f chains even in the absence of any change in liganding of the ferric hemes (3) . As ATCase participates in the regulation of pyrimidine biosynthesis in E. coli through its cooperative (sigmoidal) dependence of enzyme activity on substrate concentration and its sensitivity to inhibition by CTP and activation by ATP (6) . These phenomena, termed homotropic and heterotropic effects, are considered to be the result of an equilibrium between two distinct conformations of the enzyme (1) with the constrained or low-affinity state predominating at low substrate concentration and the relaxed or high-affinity conformation at high concentrations of substrate. Inhibition is attributed to preferential interaction of the constrained form with CTP and activation by the favored binding of ATP to the relaxed conformation of the enzyme (7). ATCase is composed of twQ catalytic trimers (C) and three regulatory dimers (R) with each catalytic polypeptide chain (c) in one C subunit linked to a c chain in the other C subunit via an R subunit (8) (9) (10) (11) (12) . Whereas the binding of active-site ligands to the C subunits has been shown to promote a 6-to 8-fold enhancement of the reactivity of the sulfhydryl groups of the R subunits toward p-hydroxymercuribenzoate (13, 14) , there has not been an analogous demonstration that the binding of either CTP or ATP to the R subunits causes a conformational change in the C subunits.
Although effects of CTP and ATP on the physical properties of ATCase have been reported (15) (16) (17) (18) (19) (20) (21) (22) , evidence has been lacking as to whether the conformational changes were restricted to the R subunits or were propagated throughout the enzyme to the C subunits. For the latter to be detected, two conditions must be met. First, the allosteric equilibrium for the unliganded enzyme must be such that a substantial fraction of the population of ATCase to the T conformation. Conversely, ATP could shift the equilibrium in the opposite direction. Second, a sensitive spectral probe specific for environmental changes in the C subunits must be available so that changes in those subunits are observable unambiguously. Neither of these requirements is satisfied by native ATCase. Unliganded ATCase molecules are predominantly (99.6%) in the T state and the shifts caused by CTP or ATP are virtually undetectable (7) . Moreover, the techniques used heretofore were incapable of distinguishing conformational changes in the different types of polypeptide chains. With molecules containing nitrotyrosyl residues in the C subunits and native R subunits (23, 24) , both requirements were satisfied. Because only 60% of the enzyme molecules were in the T state, shifts in the preexisting equilibrium by CTP toward the T state, and by ATP toward the R conformation, were measured readily. Moreover, conformational changes in the C subunits produced by both CTP and ATP were readily observed by perturbations in the absorbance spectrum of the chromophores on the catalytic polypeptide chains.
MATERIALS AND METHODS ATCase and the C and R subunits were prepared according to established procedures (25) . Nitration of C subunits by tetranitromethane (Aldrich) was performed as described earlier (23) and the number of nitrotyrosyl residues per catalytic polypeptide chain was determined by the method of Riordan et al. (26) . Nitrated catalytic subunits, CNIT, were mixed with R subunits (10% excess on a molar basis) to form the complex, CNITCNITR3 (analogous to native ATCase, C2R3). Polyacrylamide gel electrophoresis in 7% gels was used to determine the extent of formation and purity of CNITCNITR3.
Enzyme assays were performed at 300C by the method of Davies et al. (27) KR(Asp) (the dissociation constant for the enzyme-aspartate complex in the R state) were allowed to float with the value of c, the ratio of affinities of the T and R states for aspartate, fixed at 0.05 (7) . This procedure yielded fits of the data that were statistically better than the fit obtained when all four parameters were allowed to float. The Hill coefficients were determined from the maximum slope of the plot of log[v/(Vmax -v)] vs.
Spectral data were obtained with a Cary 118 recording spectrophotometer interfaced to a Digital Equipment Corporation PDP 11/40 computer. Routinely, 300 data points were taken per scan. Samples were degassed and filtered through a Millipore HA ultrafiltration.membrane attached to a syringe. Rectangular mixing cells (Hellma) were used for difference spectra. Protein concentrations were evaluated from ultracentrifuge experiments (21) . Binding of N-phosphonacetyl-L-aspartate (PALA), which was kindly provided by G. R. Stark of Stanford University, was measured by spectral titrations (29) .
Difference sedimentation velocity experiments were used for measuring the relative change in sedimentation coefficient, As/s, caused by the addition of ligand, and the experimental values of As/s were corrected for the buoyancy of the bound and displaced ligand (13, 21) . The value of As/s for CNIT-CNITR3 caused by the addition of a saturating amount of PALA (6 mol of PALA per mol of enzyme) was taken as representing the conversion of the protein from the T to the R conformation. For experiments aimed at evaluating the effect of other ligands such as carbamoyl phosphate on the T R equilibrium, both solutions contained carbamoyl phosphate and the value of As/s caused by the addition of PALA to one solution was determined.
The decrease in the value of As/s for the carbamoyl phosphate solution compared to that when PALA was added alone was a measure of the effect of carbamoyl phosphate in altering the equilibrium distribution between the two different conformations (21) . RESULTS
Properties of CNIT. As in previous studies (23) CNIT had a major absorbance band (absorptivity = 0.74 cm-1 ml mg-) at 280 nm and a smaller one (absorptivity = 0.037cm-1 ml mg-') at 430 nm resulting from the nitrotyrosyl residues (23) . Both of these spectral bands were altered upon the addition of the bisubstrate analog, PALA, as seen by the difference spectrum in Fig. 1A . The two peaks in the ultraviolet region of the spectrum are similar to those observed (29) for native C subunits treated with PALA. Moreover, the 18% de- caused by the addition of ATP (2 mM). The upper curve is the difference spectrum produced by ATP (2 mM) when carbamoyl phosphate (Cbm-P) was present in both the sample and reference cells at a concentration of 4 mM. (C) Effect of CTP. The lower curve is the difference spectrum for CNIT (6.1 mg ml-1) caused by CTP (2 mM) and the upper curve is the difference spectrum produced by CTP (2 mM) when Cbm-P (4 mM) was present in both cells.
Biochemistry: Hensley and Schachman m IT crease in absorbance at 430 nm caused by PALA is in good agreement with that found earlier (23) when both carbamoyl phosphate and succinate were added to CNIT. Spectral titration of CNIT with PALA, as measured by both AA2W286 and AA500.43m, yielded straight lines reaching maximum values at a ratio of one PALA molecule per polypeptide chain. Further additions of PALA had no effect on the spectrum.
Because our goal was to determine whether CTP and ATP affected the spectrum of CNITCNITR3 indirectly through binding to the R subunits, it was important to demonstrate that direct effects of these ligands on CNIT could be avoided. Accordingly, difference spectra were measured for mixtures of CTP and CNIT on the one hand and ATP and CNIT on the other. Fig. 1 B and C hence attempts were made to~determine whether carbamoyl phosphate affected the binding of ATP and CTP to CNIT. As seen in Fig. 1 Sedimentation velocity studies were performed on CNIT CNITR3 to determine whether the ligand-promoted conformational changes (7, 21) were consistent with the values of L evaluated from enzyme kinetics. With native ATCase the addition of 6 mol of PALA per mol of enzyme caused a change in the sedimentation coefficient, As/s, of -3.5%, which corresponded to the conversion of the molecules from the T to the R conformation (21) . The value for CNITCNITR3 was -3.0%. When carbamoyl phosphate (4 mM) was present the PALApromoted value of As/s for CNITCNITRS was only -1.8% compared to about -3.5% for native enzyme (1 mM carbamoyl phosphate) (21) . Thus carbamoyl phosphate had a much larger effect on CNITCNITR3 than on native ATCase in promoting the T-to-R transition. On the basis of the value of -3.0% for As/s as representing the complete conversion of T-state molecules to the R conformation, we calculate that in the presence of carbamoyl phosphate PALA causes the conversion of only 60% of the CNITCNITR3 molecules to the R conformation; i.e., 40% are in the R state prior to the addition of PALA. For the modified enzyme in the presence of both carbamoyl phosphate and CTP the PALA-promoted value of As/s was -2.4%, corresponding to the conversion of 80% of the molecules from the T to the R state. In contrast, As/s was only -1.0% when the solutions contained both carbamoyl phosphate and ATP; in such solutions PALA causes the conversion of 33% of the CNITCNrr3 molecules to the R state.
The results summarized in Table 1 show that the percents of CNITCNITR3 molecules in the T state calculated from enzyme kinetics and from As/s are in good agreement. Moreover, in the presence of carbamoyl phosphate there are significant numbers of molecules in both the T and R states and the shifts in the population caused by CTP and ATP are significant.t Effect of CTP and ATP on the Conformation of the Catalytic Subunits in CNITCNITR3. Spectral studies were conducted to determine whether there were conformational changes in the CNIT subunits within CNITCNITR3 as the population of molecules was shifted toward the T and R states. As seen in Fig. 3 , the spectrum of the nitrotyrosyl residues in CNITCNITR3 was altered markedly when CTP and ATP were added to the protein in the presence of carbamoyl phosphate. The amplitudes of the difference spectra caused by the binding of these ligands to the regulatory chains of CNITCNITR3 were much greater than those produced when CTP and ATP were bound directly to CNIT subunits ( Fig. 1 B and C) . More importantly, the effects of CTP and ATP on CNITCNITR3 were in opposite directions, with the former causing a 10.3% decrease in the absorbance at 430 nm and the latter producing a positive tThis perturbation of the T R equilibrium by CTP Cbm-P + ATP 1.0 50 -1.0 33 7.5 44 * The buffer was 40 mM potassium phosphate at pH 7.0 containing 2 mM 2-mercaptoethanol and 0.2 mM EDTA. Carbamoyl phosphate (Cbm-P) was present in all solutions (4 mM). When CTP and ATP were present, their concentrations were 2 mM. t Data from enzyme assays were analyzed in terms of the two-state model (1, 7) as described in Materials and Methods with the parameters given in the legend to Fig. 2 .
Values of As/s caused by the addition of PALA represent the conversion of CNITCNITR3 molecules from the T state to the R conformation (7, 21) . When no ligands were present all of the protein molecules were assumed to be in the T state and the measured value for As/s was -3.0%. Lower values of As/s in solutions containing ligands represent the conversion to the R state of those molecules that were in the T state prior to the addition of PALA. § The value, 59%, for the solution containing only carbamoyl phosphate was the average of those determined from the enzyme kinetics and As/s. For the solutions containing CTP and ATP the values for the percentage in the T state were calculated from the measured values of AA/A430 in % and the observed change (51%) in AA/A430 for the complete conversion of T-state molecules to the R conformation (see text).
difference spectrum with AA/A430 of 7.5%. Thus the results in Fig. 3 show that the direct effects of binding ligands to the regulatory chains in CNITCNITR3 are propagated throughout the molecules, resulting in conformational changes in the catalytic chains. Why is there an increase, and not a decrease, in the absorbance at 430 nm as the population of molecules is shifted toward the R conformation upon the addition of ATP? To answer this question we must determine the indirect spectral change in the absorbance of the nitrotyrosyl residues as the molecules are converted to the R state.' This has been accomplished (unpublished data) with hybrid ATCase-like molecules containing one native catalytic subunit and one inactive catalytic subunit (containing nitrotyrosyl residues) along with three native regulatory subunits. This hybrid exhibits both homotropic and heterotropic effects, and the active-site ligand, succinate, which binds only to the active C subunit when carbamoyl phosphate is present, promotes the conversion of the molecules to the R conformation. Moreover, there was a large increase in absorbance at 430 nm. Thus the positive difference spectrum caused by.adding ATP to CNITCNITR3 corresponds to the conversion of the molecules to the R conformation. Conversely, the shift toward the T state (when CTP was added) is accompanied by a decrease in the absorbance of the nitrotyrosyl residues (a negative difference spectrum). With the value of 51% for AA/A4.30 corresponding to the complete conversion of the population of hybrid ATCase-like molecules from the T to the R state (unpublished data) we can calculate from the amplitudes of the difference spectra in Fig.  3 Fig. 3 , the nitrotyrosyl chromophores on the catalytic chains were sensitive to indirect changes in conformation caused by CTP and ATP binding to the regulatory chains. The second requirement was also satisfied, as shown by the kinetic properties (Fig. 2) and the ligand-promoted changes in the sedimentation coefficient ( Table 1) .
As yet the position of the nitrated tyrosyl residue in the catalytic chain has not been identified unambiguously; preliminary evidence indicates that it is residue 213 in the amino acid sequence.t According to x-ray studies (34) , that residue is not near the bonding domains between the C and R subunits, nor is it close to the tentatively located binding site for CTP and ATP in the regulatory chain. Until a three-dimensional model is available for ATCase, especially for molecules in the R conformation, speculations about distances and the cause-of the large changes in absorbance due to the effect of neighboring charged residues on the pK of the nitrotyrosyl group are not warranted. Nonetheless it is clear from the spectral data in Fig.  3 that the local effects of CTP and ATP binding to the regulatory chains in CNITCNITR3 are communicated throughout the molecule, thereby affecting the environment of the nitrotyrosyl residues on the catalytic chains. The sedimentation velocity experiments show that CTP and ATP cause a gross change in the quaternary structure of CNITCNITR3. This alteration is accompanied by conformational changes in the catalytic subunits affecting their tertiary structures even though the ligands do not bind to them. § The results also show that there is a preexisting equilibrium between the T and the R states and that ligands that bind to different polypeptide chains have the same overall effect on the conformation of the enzyme. This demonstration that the active-site ligand, PALA, which binds to the catalytic chains and the activator, ATP, which binds to the regulatory chains, both cause such similar changes in CNIT-CNITR3 is consistent with other evidence from this laboratory (7) indicating that the conformational transition in ATCase is concerted.
We thank Y. R. Yang (35) . Although the slight modification of other tyrosyl residues has not been excluded, it should be noted that more extensive nitration of the isolated C subunits causes greater inactivation (23) . § Fig. 2 shows that CTP and ATP are not bound to the catalytic chains when carbamoyl phosphate is present. In principle, the shifts in the T R equilibrium by CTP and ATP are accompanied by changes in the binding of carbamoyl phosphate at the active sites. However, the concentration of carbamoyl phosphate (4 mM) in these experiments is much larger (perhaps 50-fold) than the apparent dissociation constant of the enzyme-substrate complex (32) , and the affinity of the R state for carbamoyl phosphate is only about twice that of the T conformation (7) . Thus it is unlikely that the changes in the absorbance spectra in Fig. 3 
